Abstract-Flux pinning sites are most effective if their size is comparable to the superconducting coherence length, which is on the nano-meter scale for RE-Ba-Cu-O superconductors [RE = rare earth element]. Introducing nano-phase inclusions directly into the bulk superconducting material has only been partially successful to date, however, due primarily to the absence of chemically stable phases that can co-exist with RE-Ba-Cu-O without suppressing its key superconducting properties. We have identified novel isostructural phases based on (RE) 2 Ba 4 CuMO y (where M = W, Zr, Nb, Ag and Bi) and have fabricated successfully superconducting bulk nano-composites with a high current carrying capability. The average size of the nano-inclusions is observed to vary from 20 nm to 300 nm depending on element M. An observed improvement in J c under low and high external magnetic fields at 77 K correlates directly with an increased density of nano-inclusions in the superconducting matrix.
I. INTRODUCTION
B ULK (RE)-Ba-Cu-O superconductors, where RE = Rare Earth, processed in the form of large, single grains can trap large magnetic fields [1] , [2] compared with those achievable with permanent magnets. These materials, therefore, have significant potential for engineering applications such as magnetic bearings, magnetic separators and motors and generators. The magnitude of the trapped field in bulk single grain superconductors is determined generally by the product of the critical current density (J ) and the length scale over which it flows (i.e. the diameter of a single grain). The former depends critically on the sample microstructure and can therefore be enhanced considerably by process optimization. This can be achieved by increasing J for a given sample size by introducing nano-scale inclusions into the superconducting matrix, which is the central theme of this paper. J of bulk melt processed Y-Ba-Cu-O (YBCO) is typically around A/cm at 77 K at 0 T, which is 3 orders of magnitude lower than the de-pairing current density. Flux pinning within bulk melt processed YBCO correlates directly with the presence of normal conducting Y BaCuO (Y-211) second phase particles in the superconducting Y-123 matrix, which form as a by-product of the peritectic decomposition process with an average typical size of around 1 . Therefore, the introduction of nanometer-sized second phase particles to YBCO is essential to achieve maximum flux pinning force. Y-211 size refinement below 1 is known to be difficult, due primarily to the Ostwald ripening of these particles in the Ba-Cu-O liquid during peritectic solidification. As a result, it is necessary to develop new, second phase particles that can be introduced into the bulk YBCO microstructure with nano-scale dimensions.
Identifying chemically stable nano-phase inclusions other than the established Y-211 phase has proved difficult for RE-Ba-Cu-O bulk superconductors. Weinstein et al. were the first to report such a phase based on a Y-Ba-U-O composition [3] . They reported that the addition of a small amount of uranium oxide to the YBCO precursor powder resulted in the formation of U-containing second phase inclusions of size 300 nm within the Y-123 superconducting matrix during melt processing [3] , [4] . This phase, which was identified subsequently by Hari Babu et al. to be Y Ba CuUO [5] with a cubic, double perovskite crystallographic structure of general formula AA B B O for [6] , can be synthesized externally by conventional solid state reaction techniques. We have subsequently developed a series of related, iso-structural single phase compounds of general composition YBa Cu M O with , where M Nb, Ta, W, Mo, Zr, Hf, Ru, Ag, Sb and Bi [7] - [12] . In this paper we first show that Y in the Y Ba CuMO phase can be replaced by other rare earth elements such as Gd and Sm. The resulting RE Ba CuMO (RE-2411) phase is then introduced into the REBa Cu O (RE-123) superconducting phase matrix using a top seeded melt growth (TSMG) technique [13] . Finally, we report the magnetic flux pinning characteristics of RE-Ba-Cu-O nano-composite, single grain superconductors consisting of a RE-123 superconducting matrix containing RE Ba CuMO nano phase inclusions.
II. EXPERIMENTAL
RE Ba CuMO (where M W, Nb, Ag and Bi; RE Y, Sm and Gd) phases were synthesized successfully via solid-state reaction of RE O , BaCO , CuO and various M-element based oxide precursors at temperatures between 900 and 1150 . All these phases have an iso-structural, double perovskite cubic crystallographic structure. X-ray diffraction (XRD) patterns recorded from a Cu K target are shown in Fig. 1 for RE Ba CuWO with RE Y, Gd and Sm. The unit cell size of RE Ba CuWO is observed to increase from 8.4748 to 8.6525 by increasing the atomic radii of the RE element. Similarly, the unit cell size is observed to increase for other M elements in the RE Ba CuMO phase composition. RE-123 x mol % RE BaCuMO mol% RE-211 and (100-x-z) wt% RE-123
x wt% RE Ba CuMO wt% RE-211 powders were mixed thoroughly by mortar and pestle and pressed uniaxially into pellets of 16 mm diameter. x was varied between 0, 10, 20, 30 and 40 for and 10, with the maximum values of x, z and x z maintained at 40%. A small quantity of Pt powder (0.05-0.1 wt%) was added to the precursor powders prior to pressing in order to suppress Ba-Cu-O liquid phase loss that occurs during melt processing. The precursor pellets for RE Gd and Sm were enriched with 1 wt% and 2 wt% BaO , respectively, in order to suppress solid solution formation during the melt growth process under an air atmosphere [14] , [15] . Single grain superconductors with the above starting compositions were melt processed under air by the TSMG technique [13] using the heating profile described in [4] . A Mg-doped Nd-Ba-Cu-O generic seed crystal was used for the growth of GdBCO and SmBCO single grains, as reported in [16] . The melt processed, single grain superconductors were annealed in an O atmosphere between 450 and 350 for 100 hours. The superconducting transition temperature, T , and critical current density, J , of the fully-processed samples were determined by measuring the magnetic moment as a function of temperature under an external field of 2 mT and magnetic hysteresis loops as a function of applied field using a SQUID magnetometer.
III. RESULTS AND DISCUSSION
The microstructure of melt processed single grains of Y-123 10 mol% Y Ba CuWO is shown in Fig. 2 . A large number of nano-particles (white-in-contrast) can be seen in the micrograph. In addition, a clear contrast between the size of Y-211 and the Y Ba CuWO phase particles is apparent. The microstructures of other Y Ba CuMO phases have been reported in [7] - [12] . Y Ba CuNbO phase inclusions were observed to undergo negligible ripening at high temperature during processing and were shown to retain their nano-scale dimensions (20-40 nm), in stark contrast to the behavior of the Y-211 phase [11] . Although Y-2411 phase inclusions were dispersed at the nano-scale level, as shown in Fig. 2 , large areas of second phase inclusion (SPI) free regions are also observed in the bulk microstructure. It is important to note that the lack of magnetic flux pinning in the SPI free regions reduces the bulk J of the nano-composite. As a result, it is essential to introduce SPI's homogeneously throughout the sample if optimum flux pinning properties are to be obtained. (Fig. 4(b) ) contributes to reduced bulk flux pinning, which, in turn, results in much lower J 's in bulk superconducting nano-composites than in thin-films. J at zero field for Y-123 containing both Y-211 and Y-2411 inclusions is measured to be as high as 120,000 A/cm at 77 K. In addition, J (B) is observed to improve both in zero field and over a wide range of magnetic fields (0-5.5 T). Based on the present experimental results, it is anticipated that J and the irreversibility field of the nano-composites can be improved further by increasing the density of Y Ba CuMO particles in the bulk single grain. This, in turn, will reduce the inter-particle distance whilst maintaining the homogeneity of the microstructure. Light rare earth based (RE)BCO systems are generally melt processed under reduced oxygen partial pressure to suppress the formation of RE/Ba solid solution. In this study we have enriched the BaO content of the precursor powder to achieve this effect. The optimum amount of BaO enrichment required for suppressing solid solution formation has been investigated in detail for various REBCO systems, independently of RE-2411 content [14] , [15] . In order to study the influence of the addition of RE-2411 on the spatial variation of the superconducting properties of the single grains, several small samples were cut from the parent bulk grain and their T measured as a function of distance from the seed crystal. T is depressed to 89 K for samples without BaO addition, as shown in Fig. 5 , due to Gd/Ba solid solution formation. However, the local T for the sample with added BaO is increased to 92 K and is almost constant within the entire grain with a relatively sharp transition width (0.5 to 1 K). This suggests that the RE/Ba solid solution level is unaffected by the addition of the RE-2411 phase. Similarly, the T of SmBCO system is also found to be unaffected by the addition of Sm-2411. Fig. 6 shows J (B) measured at various positions within a single grain. Low field J 's have been measured to be kA/cm at 77 K and are comparable to those of Gd-123/Gd-211 composites fabricated from precursor pellets containing solid state reacted Gd-123 and Gd-211 powders. The maximum irreversibility field for Gd-123/Gd-211 composite is reported to be 5.5 T at 77 K [15] . This value increases to up to 6.5 T for Gd-123/Gd-2411 composite suggesting that the nano-scale RE-2411 inclusions pin magnetic flux, even under high external magnetic fields. Increasing the volume fraction of RE-211 from 0 to 30% within the RE-123 matrix is known to improve J significantly from 10-55 kA/cm at low fields and, at the same time, decrease the irreversibility field. Sm-123 containing Sm-2411 exhibits a high irreversibility field (8 T at 77 K), in contrast to the behavior of Sm-123/Sm-211 composite. The irreversibility line, B T/T , for Sm-123/Sm-2411 is measured to be higher than that of the Sm-123/Sm-211 composite, suggesting that J under external magnetic fields is higher for the nano-composite material. J (B) data are shown in Fig. 7 for Sm-123 containing both Sm-211 and Sm-2411. From the figure it can be seen that both the low and high field performance of the Sm-123/Sm-2411 composite is improved significantly compared to that of Sm-123/Sm-211. A high J of 10 kA/cm at 77 K is measured in this sample even under an applied field of 4 T, suggesting that nano-composites can trap larger magnetic fields than conventional Sm-123/Sm-211 single grain composites. 
IV. CONCLUSIONS

